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 In the current study 24 younger adults and 24 older adults haptically 
discriminated natural 3-D shapes (bell peppers, Capsicum annuum) using 
unimanual (one hand used to explore two objects) and bimanual (both hands 
used, but each hand explored separate objects) successive exploration. Haptic 
exploration using just one hand requires somatosensory processing in only one 
cerebral hemisphere (the hemisphere contralateral to the hand being used), 
while bimanual haptic exploration requires somatosensory processing in both 
hemispheres. Previous studies related to curvature/shape perception have found 
either an advantage for unimanual exploration over bimanual exploration or no 
difference between the two conditions. In contrast to the results of previous 
studies that found an advantage for unimanual exploration, the current study 
found that unimanual and bimanual haptic exploration produced equivalent 
shape discrimination performance. The current results also document a 
significant effect of age on haptic shape discrimination: older adults exhibited 
moderately reduced shape discrimination performance compared to younger 
adults, regardless of the mode of exploration (unimanual or bimanual).
 
 1  
Introduction 
Most animals possess a body configuration that exhibits an external radial 
or bilateral symmetry. Symmetry refers to the organization of the parts of an 
organism, and bilateral specifies that the two sides (left and right) are mirror 
images of each other (Alters, 2000). Although this symmetry is not as prevalent 
in internal organs, external features such as limbs exhibit a high degree of 
symmetry. It is thought that animals evolved bilaterally symmetric limbs to 
achieve the advantages of balanced locomotion (Allard & Tabin, 2009; Corballis, 
1989). In humans, this balanced locomotion is the reason that we are able to 
walk upright on our two legs. Additionally, it has been hypothesized that this 
bipedal locomotion allowed early primates and hominids the freedom to use their 
hands and arms to manipulate and identify objects (Dominy, Ross, & Smith, 
2004).  In addition to legs, humans also display bilateral symmetry in our arms, 
hands, and fingers. If bilateral symmetry of legs and feet evolved to provide 
balanced locomotion, what potential benefit to survival could two hands provide? 
Being very sensitive to tactile stimuli, the hands provide the central nervous 
system and brain with important sensory information. Our hands are used to 
grasp and manipulate important environmental objects (e.g., food, tools, etc.). 
These objects not only are manually explored by the hands and fingers, they also 
stimulate sensory receptors (mechanoreceptors) within the skin of the hand and 
fingers. The resulting afferent tactile information enters the spinal cord through 
the dorsal nerve root and ascends ipsilaterally to the cuneate nucleus in the 
medulla (Purves et al., 2001). This nucleus projects to the ventral posterior (VP) 
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nucleus of the thalamus in the cerebral hemisphere contralateral to the side of 
the body where the stimulation originally occurred. The VP neurons send their 
output to the primary somatosensory cortex (Brodmann’s area 3b), which then 
distributes the sensory information to Brodmann’s areas 1, and 2, as well as the 
secondary somatosensory cortex (Kaas, 2009), and area 5 in the posterior 
parietal cortex (Jones & Powell, 1969). Along this pathway, receptive field 
characteristics of neurons change considerably. Neurons in area 3b that are 
activated by tactile input from the hand only receive excitatory input from the 
contralateral hand and fingers, while neurons in areas 2 and 5 have bilateral 
receptive fields, reflecting the fact that they receive excitatory input from both 
hands (not solely the contralateral hand).  
Penfield and Boldrey (1937) mapped the human brain using direct 
electrical stimulation; they found that the primary somatosensory cortex lies in 
the parietal lobe of the cerebral cortex, along the Rolandic fissure (i.e., central 
sulcus) of the brain. From these same experiments, Penfield and Boldrey also 
were able to determine that tactile information from any part of the body was 
processed in the hemisphere contralateral to the side of the body where the 
stimulus originated. For example, if one were to touch an object with the right 
hand, the subsequent tactile information would be sent to the primary 
somatosensory cortex in the left hemisphere of the brain. 
 Because tactile information from a hand is initially processed in the 
contralateral cerebral hemisphere, the use of one hand to evaluate an object is 
fundamentally different than using both hands to perform the same task. If two 
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objects are haptically explored by a single hand, the resulting tactile sensory 
information is sent to the same hemisphere of the brain; therefore, the 
contralateral hemisphere is primarily responsible for comparing the objects in 
terms of shape, texture, size, etc. When two different hands are used to compare 
objects (i.e., one object explored by the right hand compared with another object 
explored by the left hand), both hemispheres of the brain are required. 
Successful judgments in this latter case require that information be sent across 
the corpus callosum (Gazzaniga, Bogen, & Sperry, 1963), since bilateral 
sensitivity to touch necessitates interhemispheric (between two hemispheres) 
transfer of sensory information (Iwamura, 1998; Iwamura, Iriki, & Tanaka, 1994; 
Reed, Qi, & Kaas, 2011). Such communication is not necessary when only one 
hand is used.  
The question of whether or not intrahemispheric processing of haptic 
information is superior to interhemispheric processing has been addressed in 
previous psychophysical research by comparing the use of one hand (unimanual 
manipulation) for haptic judgments to the use of two hands (bimanual 
manipulation). In one such study, Kappers, Koenderink, and te Pas (1994) 
investigated the haptic discrimination of quadric surfaces (hemispheres, 
cylinders, saddle-shaped surfaces, and ellipsoids).  On each trial of their 
experiment, participants judged whether each pair of surfaces possessed the 
“same shape” or had “different shapes”. The results of this study showed that 
performance was better for unimanual exploration, in which the two surfaces 
were examined successively with the same hand, than for bimanual examination, 
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in which both hands were used to feel both surfaces simultaneously. In a similar 
study involving cylindrically curved surfaces, Kappers and Koenderink (1996) 
once again found a superiority of haptic discrimination performance for a one-
handed condition versus a two-handed condition. No difference between right 
and left hand unimanual performance was found in this study as well. In contrast, 
a more recent study by Sanders and Kappers (2006) reported that there was no 
difference between unimanual and bimanual curvature discrimination 
performance for cylindrically curved objects. 
Additional research has compared unimanual and bimanual perceptual 
performance in other ways. Although some of the research indicated superior 
performance for one-handed haptic conditions, other research demonstrated that 
performance was equivalent. Squeri et al. (2012) compared haptic curvature 
sensitivity using bimanual conditions and unimanual conditions. They found that 
unimanual thresholds were not lower than bimanual thresholds. Another study by 
Nefs, Kappers, and Koenderink (2005), comparing tactile grating spatial 
frequency discrimination between unimanual and bimanual conditions, found that 
thresholds were lower for conditions where one hand was used to make 
discriminations than for conditions where two different hands were used. 
The effectiveness of two hands versus one hand to perform haptic 
discrimination has been measured using simple curved objects (Kappers & 
Koenderink, 1996; Kappers et al., 1994; Sanders & Kappers, 2006; Squeri et al., 
2012), tactile gratings (Nefs et al., 2005), and three-dimensional (3-D) nonsense 
shapes composed of several adjacently-attached metal cubes (Fagot, Lacreuse, 
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& Vauclair, 1994). In this context, it is surprising that naturally-shaped objects 
have never been used; after all, the human somatosensory system evolved to 
perceive natural objects. Would the results of these previous studies generalize 
to the perception of natural object shape? 
In addition to ecological validity, it is also important to consider whether 
increases in age differentially affect the unimanual and bimanual perception of 
object shape. Aging has been shown to affect perceptual abilities negatively in a 
variety of different tasks involving touch and kinesthesis (Norman, Norman, 
Swindle, Jennings, & Bartholomew, 2009; Stevens, 1992), and haptics 
(Cheeseman, Norman, & Kappers, 2016; Kleinman & Brodzinsky, 1978; Norman, 
et al., 2016). In contrast, tactile shape perception for 2-Dimensional (Norman et 
al., 2013) and 3-Dimensional (Norman et al., 2006, 2015) objects appears to 
remain relatively unaffected by age. For example, Norman et al. (2015) 
investigated the effect of aging on haptic and visual solid (3-D) shape recognition 
and found that older adults (adults 61 years of age or older) performed just as 
well as younger adults (adults between 19 and 42 years of age) on an old/new 
object recognition task, even after a 20 minute delay between the study and 
testing session. A potential effect of age on perceptual ability is only part of what 
must be considered when assessing unimanual and bimanual shape perception; 
a potential effect of age on intra- and interhemispheric communication of 
tactile/haptic information must also be taken into account. 
Aging has been shown to affect both intrahemispheric and 
interhemispheric processing. Moes, Jeeves, and Cook (1995) evaluated 
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intrahemispheric and interhemispheric transfer using a bimanual coordination 
task, which involved drawing lines at various angles using an Etch-a-Sketch™. To 
create lines at various angles, participants controlled a cursor using two dials (the 
right dial moved the cursor vertically while the left moved it horizontally). Drawing 
purely vertical (90°) or horizontal (0°) lines required the use of only one dial (and 
consequently only one hand), but both dials (and both hands) were required to 
create more diagonal lines at various angles (67.5°, 45°, 22.5°, 157.5°, 135°, 
112.5°). The participants used either their left or right hand (counterbalanced 
across trials) to control the appropriate dial (left or right) in the unimanual 
conditions. In the two hand conditions, trials were counterbalanced so that the 
right hand did not always control the right dial and the left hand did not always 
control the left dial. The requirement of using two hands to move both dials 
simultaneously (sometimes at different speeds and in opposite directions, 
depending on the angle of the line) to create diagonal lines necessitated the use 
of both cerebral hemispheres and therefore required interhemispheric 
communication. Moes et al. found that older adults were significantly slower and 
less accurate on both unimanual and bimanual trials than younger adults, which 
was taken to be indicative of less efficient intra- and interhemispheric information 
transfer, respectively. Other studies have investigated the effect of aging on 
intrahemispheric processing by assessing white-matter integrity using Diffusion 
tensor imaging (DTI) (Hsu et al., 2008; Voineskos et al., 2012). The results of 
these DTI studies show that aging negatively impacts intrahemispheric white-
matter connectivity by reducing the integrity of myelinated fibers. 
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Interhemispheric connectivity appears to be compromised with age as 
well, as demonstrated by poorer performance (in comparison with younger 
adults) on tasks such as cross-hand finger localization (Beaton, Hugdahl, & Ray, 
2000), bimanual movement control (Moes et al., 1995), and increased 
interhemispheric transfer time (IHTT), as measured by the crossed-uncrossed 
difference (CUD) on visuomotor tasks (Bellis & Wilber, 2001; Jeeves & Moes, 
1996; Reuter-Lorenz & Stanczak, 2000). CUD measures IHTT by subtracting the 
simple reaction time to a visual stimulus ipsilateral to the hand making the motor 
response (uncrossed) from the simple reaction time to a visual stimulus 
contralateral to the hand making the motor response (crossed). Collectively, 
these findings indicate that, for behaviors that require the two hemispheres of the 
brain to communicate, age affects both the quality and the efficiency of the 
information transfer. This deficit in communication between hemispheres is 
further supported by several DTI studies (Hsu et al, 2008; Sullivan & 
Pfefferbaum, 2006; Voineskos et al., 2012), which found an age-related decline 
in interhemispheric white-matter tract integrity. When considered together, it is 
reasonable to believe that the age-related decline in interhemispheric white-
matter integrity results in deficits in behavioral tasks requiring between-
hemisphere communication. 
Although previous studies have sought to determine whether one mode of 
hemispheric processing is superior to the other by comparing haptic 
discrimination of various objects (Fagot et al., 1994; Kappers & Koenderink, 
1996; Kappers et al., 1994; Nefs et al., 2005; Sanders & Kappers, 2006; Squeri 
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et al., 2012) and have typically found an advantage for intrahemispheric 
processing, no study to date has investigated intra- and interhemispheric 
processing using ecologically valid objects. One purpose of the current study was 
to determine whether the results of these previous studies generalize to the 
perception of natural object shape. Another purpose of this study was to 
determine whether age would have a differential effect on intra- or 
interhemispheric processing of natural shape information. Given that previous 
research has demonstrated that older adults are able to accurately discriminate 
natural 3-D shape as well as younger adults (Norman et al., 2006, 2015), it is 
possible that older adults could perform as well as younger adults on a bimanual 
or unimanual natural-shape discrimination task. However, age has been shown 
to produce declines in both intrahemispheric and interhemispheric white-matter 
connectivity (Hsu et al., 2008; Sullivan & Pfefferbaum, 2006; Voineskos et al., 
2012). Therefore, it is also possible that the performance of older adults could be 
hindered by compromised white-matter integrity.  
The conflicting results concerning unimanual versus bimanual haptic 
discrimination coupled with the absence of previous research related to the 
hemispheric processing of ecologically valid objects makes it difficult to develop a 
clear hypothesis for this study. Unimanual performance may be superior to 
bimanual performance (and vice versa), but it is also possible that performance 
will be equal for the two types of haptic manipulation. The possible effect of aging 
(caused by reductions in inter- and intrahemispheric transfer) is also difficult to 
foresee. It may be that older adults show no deficit in either type of haptic 
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exploration, or perhaps there will only be a deficit for bimanual exploration, given 
the well-documented decline in white-matter integrity that occurs in conjunction 
with aging. Regardless of the outcome, the results of this study will help resolve 
current ambiguities in research involving the inter- and intrahemispheric 
processing of haptic information. 
Method 
              
Figure 1.  Set of the 8 bell peppers used in the study. From upper left to bottom 
right are objects 1, 2, 3, 5, 7, 8, 11, and 12. 
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Figure 2. A depiction of one of the stimulus objects (bell pepper 5) being held in 
the hand. Scaling these 3-D printed copies to one-eighth of the objects’ original 
size allowed the entire objects to be explored using only one hand. 
Experimental Stimuli 
The stimuli used for this experiment were 3-D printed copies of the eight 
bell peppers (objects 1, 2, 3, 5, 7, 8, 11, & 12; see Figure 1). These same bell 
peppers were used in previous experiments (Crabtree & Norman, 2014; Norman 
& Bartholomew, 2011; Norman, Clayton, Norman, & Crabtree, 2008; Norman et 
al., 2012). Compared to the original bell peppers, the current objects were 
reduced in size (uniformly scaled) to one-eighth of their original volume to easily 
fit in one hand (see Figure 2). The objects were printed by a Bits From Bytes 3-D 
Touch printer using a type of thermoplastic known as Polylactic acid (PLA). 
These eight individual bell peppers were chosen because they represent the 
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Design 
 This study employed a 2 x 3 experimental design with Age and Hand 
Condition as between-subjects factors. The factor of Age consisted of two levels: 
Younger and older. Younger adulthood was defined as falling within the range of 
18-31 years of age, while older adulthood was characterized as 60 years of age 
or older. Hand Condition was divided into three levels: Unimanual left hand only, 
unimanual right hand only, and bimanual. In the bimanual condition, the hand 
that received the first object presentation (right or left) was counterbalanced, with 
half of the participants being given the first object in their right hand for each trial 
(the remaining half being given the first object in their left hand at the start of 
each trial).  
Procedure 
On any particular trial, participants were handed one of the eight peppers 
behind an occluding screen. They were permitted to haptically explore the initial 
object for three seconds. After an interstimulus interval (ISI) of three seconds, the 
participant was handed a second object. Once again, the participant explored the 
object haptically for three seconds. After feeling both objects, the participant was 
required to judge whether the two objects possessed the same shape or had 
different 3-D shapes. For each participant, there were a total of 96 trials, half of 
which were “same trials” (the same object presented twice), with the remaining 
half being “different trials” (different objects presented successively). The order of 
“same” versus “different” trials was randomly determined for each participant. For 
“different trials” the pairs of objects presented were objects 1 and 3, 1 and 7, 2 
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and 11, 3 and 7, 3 and 8, and 5 and 12. These same object pairings were used 
by Norman and Bartholomew (2011) and Crabtree and Norman (2014). 
Participants were randomly assigned to one of the three hand conditions 
(left hand unimanual, right hand unimanual, and bimanual). In the unimanual 
right-hand condition, participants felt both objects successively with the right 
hand. In the unimanual left-hand condition, participants felt both objects 
successively with the left hand. In the bimanual condition, the first object was 
presented to the left or right hand for three seconds. After the three second ISI, 
the participant had three seconds to haptically explore the second object in the 
opposite hand (e.g., if the first object was presented to the left hand, the second 
object was presented to the right hand). 
Participants 
 There were a total of 48 participants in this study, 24 younger adults (M = 
22.5 years old, SD = 3.2, range = 19 to 31 years) and 24 older adults (M = 73.4 
years old, SD = 6.1, range = 62 to 87 years). Within each age group, there were 
eight participants for each of the three experimental conditions. All participants 
were either right handed (47 of the 48 participants) or ambidextrous  (one 
participant), and were naïve regarding the purpose of the experiment. The study 
was approved by the Institutional Review Board of Western Kentucky University, 
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Results 
 
Figure 3. Overall results for the haptic shape discrimination task. Performance is 
plotted for the 24 older adults (right panel) and 24 younger adults (left panel) in 
terms of d’. Bars depict mean performance in each condition, while filled circles 
denote individual performance for each participant. While younger adults 
performed moderately better than older adults overall, there was no difference in 
performance between the various hand conditions in either group. 
The results for younger and older adults are shown in Figure 3. The figure 
plots shape discrimination performance in terms of d’ (the signal detection 
measure of perceptual sensitivity [Macmillan & Creelman, 1991]) for the different 
haptic exploration conditions. The younger adults’ haptic discrimination results 
are depicted in the left panel, while the performance of the older adults is 
depicted in the right panel. It is clear from the results shown in Figure 3 that there 
was no main effect of the number of hands (F(2,42) = 0.08, p = 0.92, p2 = 
0.004). This reflects the fact that there was no significant difference in 
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performance between the various hand conditions. In addition, there was no 
significant interaction between hand condition and age (F(2,42) = 0.01 , p = 
0.995, p2 = 0.001), indicating that the lack of variation in performance across the 
various hand conditions was similar for both age groups. Although there was no 
significant effect of hand condition and no significant interaction between hand 
condition and age, there was a main effect of age (F(2,42) = 5.5 , p = 0.025, p2 
= 0.12), demonstrating that older adults had moderately reduced shape 
discrimination ability compared to younger adults. 
Discussion 
The bilateral arrangement and contralateral processing of tactile 
information from the human hands (left hand to right hemisphere’s area 3b, right 
hand to left hemisphere’s area 3b) has made it possible to investigate 
interhemispheric cerebral communication by comparing haptic performance on 
tasks in which only one hand is used (unimanual haptic exploration) with 
performance on tasks where both hands are used (bimanual haptic exploration). 
The results of previous studies indicate that unimanual haptic exploration is 
either better than bimanual exploration (Kappers & Koenderink, 1996; Kappers et 
al., 1994; Nefs et al., 2005) or that the two modes of exploration are equivalent 
(Sanders & Kappers, 2006; Squeri et al., 2012). Given that all of the previous 
research comparing unimanual and bimanual haptic performance utilized 
unnatural 3-D shapes or simple stimuli (such as simple curved surfaces and 
tactile gratings), one purpose of the current experiment was to determine if these 
previous findings would generalize to ecologically valid and complex 3-D objects. 
 
 15  
The results of the current study were clear: There was no difference in 
haptic shape discrimination performance between any of the hand exploration 
conditions; performance for the left hand unimanual condition was equivalent to 
the performance for the right hand unimanual condition. In addition, there was no 
difference between performance in either of the unimanual hand conditions and 
performance in the bimanual exploration condition (see Figure 3). These findings 
differ from those obtained by Kappers and Koenderink (1996), Kappers et al. 
(1994), and Nefs et al. (2005), all of whom found an advantage for unimanual 
exploration. One possible explanation for this difference is the experimental 
stimuli used. As discussed earlier, previous studies used less complex and 
unnatural stimuli, while the current study used complex, naturalistic stimuli. 
Another potential explanation is the difference in the procedures used for haptic 
exploration. The previous studies allowed participants to simultaneously feel 
stimuli in the bimanual conditions, but this is obviously not possible with 
unimanual exploration. The current study controlled for this, only allowing 
participants to feel stimuli in a successive manner for both the unimanual and 
bimanual conditions. It may be that there is a fundamental difference between 
successive and simultaneous haptic exploration that is driving this difference in 
outcome. Further research is needed to determine if either (or both) of these 
factors contribute to the obtained differences in results. 
A second purpose of the current study was to investigate any potential 
adverse effect of aging on unimanual or bimanual haptic exploration. As 
discussed earlier, although previous research has found that older adults are 
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able to discriminate naturalistic 3-D shapes as well as younger adults (Norman et 
al., 2006, 2015), aging has been shown to produce declines in both 
intrahemispheric (Hsu et al., 2008; Moes et al.,1995 Voineskos et al., 2012) and 
interhemispheric (Beaton et al., 2000; Bellis & Wilber, 2001; Hsu et al, 2008; 
Jeeves & Moes, 1996; Moes et al., 1995; Reuter-Lorenz & Stanczak, 2000; 
Sullivan & Pfefferbaum, 2006; Voineskos et al., 2012) connectivity and 
processing. Therefore, while older adults are capable of perceiving ecologically 
valid shapes as well as younger adults under some circumstances, they may 
have reduced unimanual and bimanual shape discrimination performance due to 
reduced inter- and intrahemispheric connectivity. At this point, it is important to 
point out that Norman et al. (2006) and Norman et al. (2015) may not have found 
an effect of age simply because, unlike the present study, their participants were 
not required to manipulate both objects in any particular trial with separate hands 
(which would necessitate the need for interhemispheric transfer of tactile/haptic 
information). 
 As can be seen in Figure 3, the older adults exhibited moderately reduced 
haptic shape discrimination performance compared to younger adults in every 
hand condition. This supports the idea that older adults have reduced intra- and 
interhemispheric processing. It is important to note, however, that the older 
adults still performed well in absolute terms (i.e., their d’ values were much 
higher than zero). Therefore, while aging does produce decrements in haptic 
shape discrimination ability, older adults are still able to effectively process haptic 
information within and between cerebral hemispheres. 
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Conclusions 
 In contrast to previous research, the current study found no difference 
between unimanual and bimanual haptic shape discrimination performance. 
Increases in age resulted in moderately reduced discrimination performance for 
both unimanual and bimanual haptic exploration, but older adults nevertheless 
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